ABSTRACT A photoionization detector is described with a high quantum efficiency at wavelengths shorter than about 2000 A. This instrument, coupled to a xenon gas scintillation proportional counter has an energy resolution of 9.5% FWHM at 6 keV. The vapor pressure and absorption coefficient of TMAE are measured and the prospects of an imaging gas scintillation proportional counter are discussed.
INTRODUCTION
There has been a great deal of effort recently to develop an improved method to detect ultraviolet light.'-3 The primary interest is to replace the photomultiplier tube (PMT) used with a xenon-filled gas scintillation proportional counter (GSPC), although there is also much interest i4 developing an instrument to detect Cerenkov radiation. Because the emission spectrum of xenon is in the ultraviolet (ranging from about 1500-1950 A, peaking at about 1670 A), PMTs with Spectrosil windows have been used. Although other techniques have been suggested for replacing the PMT to detect xenon light, the most promising is the photoionization detector (PID) . The PID is a proportional counter with an optical window and filled with an appropriate gas that converts the incident ultraviolet photons to electrons through the photoelectric effect. The coupling of a PID to a GSPC was first suggested by Policarpo,l who showed that if a sufficient fraction of the ultraviolet photons produced by the GSPC can be detected in the PID, a substantial improvement in energy resolution should be possible.
The advantages of the PID over the PMT to detect the light from a xenon GSPC are numerous. PIDs can be constructed with almost any dimension and with a variety of windows. They are more rugged and compact than PMTs and, in principle, can be constructed at a lower cost than PMTs with equivalent window areas. Since the PID is "solar blind," i.e., insensitive to visible radiation, the problem of light leaks is eliminated. The PID would also be a very useful replacement for the PMT for applications in high or varying magnetic fields where the GSPC has been shown to be useful.6 Since the light-detecting substance of a PID is a gas, the quantum efficiency across the window should be uniform, unlike that of the PMT. Finally, using the technology of imaging proportional counters (IPC), a PID can be constructed to give event location to high accuracy, which would be useful for Cerenkov radiation imaging and production of an imaging GSPC.
Charpak To make a useful PID, a gas with a low ionization potential, high quantum efficiency for ultraviolet light, and adequate vapor pressure is required. Of all the organic compounds reported to date, the tetraaminoethylenes have the lowest ionization potentials (see . Table I gives the photoionization potential in the gas phase (Ig) and the photocurrent threshold (Et ) when they are dissolved in tetramethylsilane TMS) of tetrakis(dimethylamino)ethylene (TMAE), 1,1',3,3'-tetramethyl-2,2'biimidazolidinylidene (TMBI), 1,1 ,4,4-tetrakis(dimethylamino)butadiene (TMAB), and N,N,N' ,N'-tetramethyl -p-phenylenediamine (TMPD). TEA is included as a reference. (%10%) has been removed. The TMAE is then ready for use. We have developed this method.
Vapor Pressure
Early measurements of the vapor pressure of TMAE were quite discouraging, giving pressures of only 0.01 torr and 0.9 torr at 300C and 900C respectively.15
These pressures were not consistent with our experience so we made our own measurements. In our vapor pressure measurements, a calibrated MKS Baratron with a 3 torr head and a calibrated thermometer with 0.1°C divisions were used. The system was kept at an elevated temperature ('500C), and the TMAE sample was kept in a water bath to control the temperature of the sample. Three sets of data were taken, using two samples of TMAE. (1)
Here, PO and To are the reference pressure in torr and temperature in Kelvin, respectively. AH is the molar heat of vaporization and R is the molar gas constant.
The best fit to the data is
where To = 300 K was chosen for convenience. This yields a vapor pressure at room temperature (20°C) of 0.35 torr.
Absorption Cross Section
The experimental arrangement used to measure the absorption cross section of TMAE is shown in Fig. 3 . It consisted of a PID with 2 CaF2 windows separated by 5 m, coupled to a xenon-filled GSPC with a Spectrosil window. The PID was filled with 600 torr of P-10 (90% argon, 10% methane) and TMAE. The space between the CaF2 windows was connected to a vacuum system and a bottle of TMAE. The TMAE was prepared according to Method 4, described above, and kept in a water bath. In operation, the GSPC was irradiated with 5,9 keV x rays to give a pulsed ultraviolet light source between about 1950 A and 1700 A. The absorption cell was evacuated and a pulse height spectrum was taken with the PID, yielding a pulse height Io. The absorption cell was then exposed to the TMAE, which is held at a fixed temperature, and another pulse height spectrum taken, yielding I. The ratio of the two pulse heights is related to the linear absorption coefficient (,u) by 
SCINPROP
The absorption coefficient should be proportional to the pressure and, in these measurements, the exponent (AH) for the fits of and P differ by less than 1%. R These two measurements may be considered to confirm each other since they are independent measurements. The l/e absorption depth in TMAE is about 23 mm and 11 mm at 20°C and 30°C, respectively.
The absorption cross section per atom (a) for TMAE in the spectral region measured is equal to
where n is the number of atoms per unit volume. Evaluating expressions (2) and (4) at 200C and substituting into (5), we get a = 38 Mb ,
which is a reasonable result.
3. THE SCINPROP 3.1 Description A schematic of the scinprop is shown in Fig. 5 , Figure 5 . Schematic of the scinprop.
The GSPC is a sealed, curved arid counter similar to instruments reported earlier. Here, P1 is the signal pulse height for x-ray events in the GSPC, and P2 is the pulse height when the same energy x rays are detected by the PID directly (i.e., used as a standard proportional counter).
The mean energy per ion pair for argon-TMAE mixtures has been measured to be about 21 eV.17 This is significant improvement over the 26.0 eV per ion pair reported for argon-methane mixtures. Thus, the number of ultraviolet photons detected per x-ray event is N = 281 n (at 5.9 keV).
(8)
For voltage settings of 300 V and 7500 V on the GSPC grids Gl and G2, respectively, and 900 V on the PID anode, ij typically equaled 10 for different fillings, although earlier fillings gave values of n as low as o.3 when the TMAE had not been adequately purified. Thus, about 2800 photons were detected for 5.9 keV xray events. Using a 55Fe source, the best resolution measured was 9.5% FWHM, shown in Fig. 6 . For comparison with the resolution predicted in the work by Policarpo,l the ratio of the number of ultraviolet photons detected by the PID to the number of primary electrons produced in the GSPC per x-ray event, defined in the above work, is L Ti n . (9) The predicted resolution for a value of L = 10 is about 9% FWHM at 6 keV. This is in fairly good agreement with our measured resolution of 9.5% FWHM at that energy. The discrepancy is probably due to all the anode wires being connected together with different anodes very likely having slightly different gains, degrading the energy resolution. The work of Policarpo shows that if L can be increased by about a factor of 2, the expected resolution at 6 keV would be 8% FWHM. This should be easily obtainable by replacing the Spectrosil window with CaF2, which passes approximately 2.5 times as much of the xenon light.
To determine the quantum efficiency of TMAE, the number of photons detected by the PID was compared to the number of photons detected by a PMT. From earlier work,18 using the same GSPC counter design and gas pressure, and a PMT, it was found that about 880 photons were detected per 5.9 keV x-ray event, with a potential between the grids of the GSPC of 4050 V. The bailkali photocathode used had a quantum efficiency of about 24% between 1700-1950 A, with the reduction in PKr quantum efficiency due to the Spectrosil window.19 For the PID, which has a window similar to that of the (,11) Thus, there is an optimum S for a given IPC geometry and temperature, although it can be shown that a is quite insensitive to S as long as S is greater than this optimum value. Unfortunately, S cannot be made equal to 2x for reasonable temperatures because of the high voltages required. For a practical counter, S will probably be limited to about 1.5 cm.
To calculate x, one must evaluate where h is the average distance of the light production region from the light detection region and N is the number of ultraviolet photons detected per x-ray event. (14) where S is the distance between the grids of the GSPC, t is the window thickness, and x is the mean absorption depth of the ultraviolet light in the IPC. Defining: The minimum of Eq. (16) For our calculation, we take D to be 3 cm.
From work done elsewhere22 we can take n = 800 photons cm 1 keV Is (20) for a Spectrosil window. Assuming a factor of 2.5 greater transmission for a CaF2 window, we have n = 2000 photons cm 1 keV -1 (21) Equation (13) may be evaluated, assuming the values of n given by Eqs. (20) and (21), t = 4 mm for Spectrosil and t = 6 mm for CaF2, and S = 1.5 cm. Curves (c) and (d) of Fig. 8 show the calculated position resolution for a scinprop, between the temperatures of 200C and 300C, with Spectrosil and CaF2 windows, respectively. The higher the temperature the better the position resolution. The performance of an imaging GSPC using PMTs developed by the European Space Agency, curve (a), and a proposed design, curve (b)A3 are included along with the position resolution of an IPC,24 curve (e). As a better reference, the position resolution of these five instruments at 1 keV is given in Table II . Although the position resolution of an IPC is a factor of 2 better than that calculated for an imaging scinprop, the greater stopping power of xenon and the factor of two better energy resolution makes the scinprop a very useful instrument.
HIGH ENERGY X-RAY DETECTION
There is a great need in fields such as medicine, industrial radiography, nuclear safeguards, and gammaray astronomy for an electronic alternative to film for the detection and imaging of high energy x rays. Although there has already been some good work done along these lines with gas counters,25,26 the stopping power of gas is too low to be useful above 100 keV where many of the important applications lie. The primary instrument working above 100 keV is the Anger camera which consists of a thin NaI(TQ) crystal coupled to an array of PMTs. The state-of-the-art position resolution for such instruments is about 2.5 mm.
A great improvement in high energy x-ray imaging would be possible if a crystal could be found that produced scintillations detectable by the TMAE. With even a moderate number of photons detected per event, position resolution of less than a millimeter should be 846 (18) ( 1 9 Fig. 9 where the abscissa is in ultraviolet photons per event, as determined by using 6 keV x rays directly in the PID. Where more than one source is listed for a curve, the second source gave a pulse height spectrum similar to the first. Table III lists the sources used, the primary photon energies, the half-maximum number of ultraviolet photons per event, and the approximate detection efficiency. As the energy of the y rays increases, the number of ultraviolet photons and the detection efficiency also tend to increase. Thus, as the y-ray energy increases, more photons are in the high energy tail of the emission spectrum detected by the TMAE.
Although the results with BaF2 are discouraging, the principle of detecting the light from a scintillator with a PID is demonstrated. The search will continue for the proper scintillator.
CONCLUSION
The chemical TMAE has proved to have a high quantum efficiency at the wavelengths of xenon light, making possible a wide range of improvements in GSPCs. Scinprops should be possible with larger areas and better energy resolution than was possible with PMTs. Useful imaging instruments are possible with both good energy resolution and good position sensitivity. Because TMAE extends the usefulness of the PID into the longer wavelengths, there is hope that a crystal scintillator will be found that has a sufficient fraction of its spectrum overlapping the photoionization of TMAE to produce high energy x-ray imaging instruments. ULTRAVIOLET PHOTONS PER EVENT 30 Figure 9 . The pulse height spectra of several sources detected with a BaF2 crystal coupled to a TMAE filled PID. Where more than one source is listed for a curve, the second source gave a similar response. 
